Lecture 2:

1) How can the high viscosity sQGP
flow like a “perfect fluid”?

** Because of deconfinement ! ** (T.Hirano, MG)

2) Intrinsic violations of Bjorken boost invariance:
The p+A Triangle and B+A Trapezoid

**Qctupole twist of RHIC Initial Conditions (A. Adil, MG)

Refined test of CGC Initial Conditions at RHIC and LHC




Global Evidence for saturating CGC initial state at RHIC
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Nuclear Glue Structure RHIC vs LHC

RHIC is a sQGP machine with a partial view of CGC
CGC at RHIC

dN, e QZR? (l— 2Q, eMT Kinematically

dy a, Q) s Limited aty = 3
-2 0.3
Q’(x,A)=2Gev2[10__A | .
x 200
N, =C QR’ Kinematics
dy a,(Q7) Freeaty <3
CGC at LHC

LHC is a CGC machine with a partial view of sQGP
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Nuclear Glue Structur @. LHC vs @ dream machine EIC (ELIC or eRHIC)
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Bulk Collective Flow of QCD matter
9T =0, {u“u"(e(T)+P(T))—g“"P(T)} _ 0 W.Greiner, H. Stocker(1974)

*\ P.Kolb, U. Heinz et al (2000)
D.Teany, E. Shuryak
Initial Conditions + QCD EOS T. Hirano, Y. Nara
Initial
anisotropy Final momentum anisotropy
y
Py
= =
0.T1T"(x)=0

Elliptic Flow
=p(y, 1+2v cos(20) +---
dyapiap "V p:) ,(P;) cos(2¢) +--1
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“Lousy fluid” observed at

lower SPS, AGS energies due to

Ordinary highly dissipative Hadronic Corona

Hadronic
corona
L
i R L0 N B A LI BB B
=0.25F HYDRO limits :
015 g% 4

: LEd
0.1F o0’
L.

£l E/A=11.80GaV, E&TT

i E /A=l G2V, [ALE

:_ i —— E,/A=158 GV, [lrd0 _-
0.05 B L A —sfe— ¥y, =1 WGV STAR y
. | ek =200 GeV, STAR Prsiim. |
U-x ' | ol T T T
0 5 10 15 20 25 30 35
Ly 1S dN , /dy
& = <y2 + X2>

Gyulassy LBL 05.26.05

some all
QGP ~— QGP

@ m; K PHENIX 20-40%
| T STAR 11-48%

A h PHENIX 20-40%

Q T MNA4D 13-34%

T
l

0.8, I
0.7

0.6F
- O T MA4S 13-34%
0.5¢ n Hydro+ROMD &fm Teaney et al.

1/e d(v2)id(pt) 1/GeVic

0.4;
i dv,(p;)
0.2
3 £.d
0’;§HHISPSI sz RHIC
10 2

10 s (AGeV)

Breakdown of Hydrodynamics in
Hadronic Phase explains excitation

function of v,(p+,Vs)



Breakdown of Bulk “Perfect Fluid” Hydrodynamics
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Azimuthal v,(p;) \. Vitev, X.N. Wang, MG, PRL86(01)
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FIG. 2: (color online) vz of charged particles as a func-
tion of transverse momentum from the two-particle cumu-
lant method (triangles) and four-particle cumulant method
(stars). See text for explanation of the open circles. Only
statistical errors are shown.
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Crash Course on Dissipative Hydrodynamics:

0T"=0  T"={(e+P)u'u’ -Pg"}+1"
Flow velocity field u#(x,t) and temperature field T(x,t)

1+1D de |

—_— . — [ = 2 .
Hubble ar le+pl=(Tn+5)1/ T Bjorken
i1 o4\ . , 0P
Sound W = Usq — %( n JZ (t- + i”) '?2 ) '“'.‘;3 — I
—
Damping
Shear p = lim — [ dt da ¢ ([T, (2), Ty (0)]) Kubo

w—0 2w

viscosity

n=2(e+P)A= O entropy (%‘j Gas kinetic theory
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Is Mystery of sQGP superfluidity < small Viscosity ??
Lattice QCD vs pQCD vs AdS/CFT vs AXAp =1

TA
Vizzgzirty N=5(€+P)A =00 (?j Kinetic Theory
2.0
: , B 167 x8
L5 | L A.NaLl?at::iﬁ'a?gl.DS;akai » 247 %8 T pQCD
" I TA 1)’
10 | .| Pertubative PP ~ h(—j
—{| oy 5 30

(nj 7 AdS/CFT
— |2 ——| N=4SUsY
0) AT 4y . oo

TA h | AX=/
— >

5 15| Ap=3T

Danielewicz, MG (1985)
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N=4 SUSY: Kovtun,Son,Starinets (2004)



A.Buchel, J.T.Liu and A.O.Starinets,
“Coupling constant dependence of the shear viscosity
in N =4 supersymmetric Yang-Mills theory,"
arXiv:hep-th/0406264.

Thus for large 't Tlooft coupling gy ,, N. 3> | the correction to the ratio of shear viscosity

to the entropy density in A" = 4 supersymmetric Yang-Mills theory is positive,

" = : (l + 1:}5 ¢(3) (l'ffg'f- A -“Hsl'rl_-]’_:‘:'f2 T ) : (_'1—'-7}
& uey N
But for g?N_=10-20 correction is <20% to 1/4mt!
ho | /| Kovtun,Son,Starinets 04
adS/CFT
. e . Universal lower bound
1 e PV B conjecture

Figure 1:
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T'he viscosity-entropy ratio for some common substances.
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Relaxation time of strongly coupled Yukawa systems

Tomovasu Saigo, Augnst Wierling and Satoshi Hamaguchi
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Figure 2: The relaxation time r as a funetion of T
for v = 3.0. The Atting curve is based on a form
T =avyl 4+ b/vI+e

We find that the Hows retains the initial information
for a long time in both weakly and strongly conpled
regimes. In the weakly coupled regime, the initial
information is retained due to the low collision fre-
quencies. In the strongly coupled regime, it is also
retained due to the relatively rigid structure of the
system. analogous to the dynamies of ideal crystals.

G
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S, Ichimaru er al., Statisi

Viscosity in EM Plasmas
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Fig. 33. The reduced shear viscosity n™ =5/ Mmupaz calculated on the
basis of egs. (4.15)-(4.17) (solid circles, ref. [77]). The crosses refer
to the calculation by Wallenborn and Baus [72], the open circles to the
MD simulation result [160].
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Viscosity of Hell and CFL via Linearized Boltzmann of Phonons  f(p,t)=f,,(p)+of,

The shear viscosity 1 enters as a dissipative term in the energy-momentum tensor as follows

] . SR 0T 2 ] d:ﬂfl i
T = —q | 8iV; — Vi — E"T -V ] Tij = W;}”}J o f

Boltzmann equation in local rest frame

A nd &(4) ; ! e S vy
df /dt= C[fp] = E*/plk‘pwum NP+ K—P —K)|T|?D P A .
N
o s " : = ; ; k P \HA.I
D= forfiw1+ fp)1 + fi) — fpSi(1+ for) (1 + Jier) - .
. . }L-..-:‘.:_-]. | | u"[r . A : H'.rp g 64
of = —?g(p)p..ﬁyﬁ = 157 / L ap)i
-!I_L 1 1 1 : 113 ”
n=1.15 H~ 1 High viscosity of cold diquark “Neutron” Stars makes

T Them stable against gravitation damping

SHEAR VISCOSITY IN A CFL QUARK STAR .
Cristina Manuel Antonio Dobado, Felipe J. Llanes-Estrada hep-ph/0406058

Gyulassy LBL 05.26.05 Hell: I. M. Khalatnikov, Zh. Eksp. Teor. Fiz. 44, 769 (1963) 13



The Dissipative Hadronic Corona and the Higher Viscosity of the “Perfect Fluid”
Quark Gluon Plasma

Tetsufumi Hirano and Miklos Gyulassy
In order that all the data on (1) hadronic ratios, (2) radial
How, as well as (3) differential elliptic low be reproduced, the
sQGP must expand with a “minimal viscosity”. n,ogp =~ Te.
that is however numerically comparable near 7, to the viscosity.
ng = 1T'/oy, of the ordinary highly dissipative hadronic corona.

The *perfect Huid” property of the sQGP is not due to a sudden
reduction of the viscosity at the critical temperature 7T,., but to the
sudden increase of the entropy density and is therefore a signal of

deconfinement.
(/T n(T)/s(T)
50
wQGP 10 ‘\
10 SYM S|
5 , | HRG
sQGP
1 1 \ wQGP
0.5 05 sQGP
HRG 02!
SYM 1/4
0.1 | | T 0.1 /4n T
0 05 1 15 2 25 3 T¢ 0 1 5 3 4 5 f
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The viscosity of a weakly coupled wQGP based on
pQCD kinetic theory [P. Danielewicz, MG, PRD41 (35)]

4 \ TSSB(T)
nwqap = —€sB(T) Ay =
" QOGP 15 ESB( ) t -5D'L1-p5]3 (T)
NwQGP - T/\tr ~ 0.4 E ?
S9B H - ¥ 4 -
3

esplT) = 3Psp(T) = ITSSHfTJ ~ 3T pep(T) =~ KepT"

The pQCD transport mean free path Ay = 1/(pspoy)
15 controlled by the Debye screened transport cross sec-
tiom

. 9
Otr. — j doe sin” fem = = few mb

Gyulassy LBL 05.26.05
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How small can n/s get with increased coupling?

II. HEISENBERG UNCERTAINTY PRINCIPLE
LOWER BOUND.

}Af-r > L ~ - LS i =
~ iy ST ssp 15
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III. G’N =00 STRING THEORY BOUND

Infinitely coupled N = 4 supersymmetric conformal
Yang-Mills (SYM) gauge theory using the AdS/CFT du-

ality conjecture |Son, et al]

(D=1
S/ SYM dar

The SYM entropy density in the N, = o0, ¢° N, > 1

limits is given by [Gubser et al (98]

3 0.6 1 V2 .
SSYM { + O( )} 3 NZT?

—+ .
1 Ny T e

KsgT? . (T\®
??EQGP(T) = 'T ~ Tf (?)

[

Effective sQQGP transport cross section

4T 167 1 (12 )T,..
Tir ~ = ~ = — b
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T\ =
IV. HADRONIC RESONANCE GAS  Spypa(T) = sg | —
&y 1/6—1/3

H

Vi ;
'?;.’H(T) ~ E ~ T's

el

Because the hadronic transport cross a2 (T/T)? (L+LogT/T,)?

sections are og ~ 10 mb , we should

not expect a large variation of the abso- wQGP (T
lute value of the matter viscosity across
T. if the minimal 1/ holds above T.. 10
5
1
n(T) ~T? { (i/g")s g = g:r 1
( / f.") ¥ :::’ e 0.5
What changes rapidly at 7. is therefore
not the viscosity but rather its entropy 01 (T/IT ! T
density due to the deconfinement of the . ‘ | | | _
quark and gluon degrees of freedom. 0 05 1 15 2 25 3T

“perfect fluid” sQGP has higher viscosity than the vi scous HRG
Gyulassy LBL 05.26.05 18




Eventually, asymptotic freedom should
slowly convert the sQQGP into a wQGP
for 1" > .. 'The following interpola-
tion formula for 1" > 1. may describe
the slow sQQGP— w(QGP transition

W(T) 1 2
~ —11] log (1)1,
2
2 = 2% ~09—-1.1
QO?TI(SB

With Ksp = 12—15 and fy = 11 —2N;/3 ~ 9.67— 9.0

Gyulassy LBL 05.26.05
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Summary: n(1") varies smoothly near (TS

Sq/su=3, 10
T. but the ratio n/s has a rapid drop due \ o

10
to the rapid onset of deconfinement. s\
HRG
S¢ N1/ 2
) ()@ < o
s(T) A7 | log?(eT/T.), T >T, 22 { so6P
01 SYM 1/4x

with the negative discontinuity (withinAT, /T, =0.1)

=3 (o
slt. 4w \ sy

It is the entropy jump sq/sg ~ 3 — 10

that causes a drop of 1/s near T..

Gyulassy LBL 05.26.05 20



Continuity of viscosity from sQGP -> HRG
Is also important for simplifying the Hydro -> Cascade

Boundary Conditions

Gyulassy LBL 05.26.05
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Self-Consistent
Relativistic Hydrodynamics
/Qf‘fz f(j"? Vol gaer

Lawrence Berkeley National Laboratory
Nuclear Science Division

is an illusion tha ro uations are e torm:
it i | that Hyd Equat of the f

A )
O TH(z,t) = 0,  T}(z.t) = (er +py) v} —prg”

@,,N?(:r:, =00, Ni(z,t) = npuf

| Without IJL“ILIFICIEF\IJ conditions (=Freeze-out Procedure)
. Hydro Equations do not make any sense at alll

Gyulassy LBL 05.26.05
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No term can be NEGLECTED!!

For switch eriterion F'(z.t) = 0 between ideal fluid £ and
non — ideal Hadronie Gas & deseribed by cascade:

tert

T (2 =07 T (2,8) + Oy [T1 (2. 1) + 75" (2, %)] ,
with

Of=1-06}, ©6;=0(F(zt)): ©f=1 for gas only!

g

If at the switch hypersurface

da'#T}”’{.‘r, t*) = doy, T ") + e i
Then equations of motion are as follows:

0% A TL (2,t) = —OF u[TH" (z,8) + 71 (2. 1Y)]

au[0E () = T (et — Mt ol £(2))

o

No matter how small is coefficient in front of d-function
IT GANNOT BE NEGLECTED!!!

But viscosity and T are continuous across Tc,
so this problem may be solved

Gyulassy LBCU5-Z6.05
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Part |I: The P+A Triangle for R= dNPA/dy / dNpA/dy

Vv ~ A1/3

Ya y Yp

The A+P Triangle for R= dNA?/dy / dNpA/dy

Vv ~ A1/3

Gyulassy LBL 05.26.05 24



. Brodsky, Gunion, Kuhn
Proton+Emulsion data

. PRL39(77)1120
W. Busza review 1976 (77)
(Acta Phys. Pol. B8, 333) Color Neutralization Model
6 T T T Feynman gas dy=dx/x= dM/M
51 | | -
~ 60 GeV ! rget —produ ' ultiplicit
. :gWGeV . s target ~produced multiplicity
m p200 GeV ALE 1
S ]
zlE g ] 1
YA YZ Y3 }'|
projectile —produced muliiplicity
,L )
Y, V3 Y, 9
. totol muliiplicity
The low pT 7riangle SIE § T

Boundary Condition WY Ys M, W
central region _—
on RpA(y,pT<1)

Gyulassy LBL 05.26.05
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Triangle rapidity distribution found at RHIC

2 - PHOBOS Preliminary
- ™ )
(4v] Typical Syst. Error
o ¢ d+Au Central 20%
-U 20_ ® .. PY
— ()
2 . N
T " -
% [
& NAu
i.... ® part
LN °
100 :
™
| Ratio d+Au/p+p ¢
i ™
= °
p+p ®o,0 |
i 7’" ﬁ N
0 | par
-5 0 5
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Central 200 AGeV

HIJING includes this basic
Triangular or Trapezoidal

A+B multiplicity enhancement &
through Lund strings J

10

Min Bias

c

g i g
._1‘,3"""1‘3»-{ ;.r"""i.m

& a u 5-E

»” e ™

HIJING 1.383 b<3.5 fm
4 ® DAu cent 10% PHOBOS
y 4 DAu min bias PHOBOS
L f‘: = p+pbar UAS

7 ——= HIJING 1.383 p+p NSD ~

'

® ® DAu/pp cent PHOBOS
e —— HJ1.383 b<3.5fm
A DAu/pp min bias PHOBOS
HJ1.383 min bias

12

= UAS ppbar / HJ1.383 pp

Ratio of dN_/dv for DAu to pp

g NN NN RN Ny Ny

n 5 | i |
-5 -3 -1 1 3 5)7
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BGK Saddle in (n,X;) In Au+Au

INTRINSIC LOCAL BJORKEN SCALING VIOLATION O(AY3/log(s))

« Local participant density N fana s,
dN dN

AA-g pp-9
dnd?X, dnd?*X.

~va(x) _b/Q)TF +up(x) +b/2)> : 4

» global multiplicity AA/pp

~ 3(Na+ Np) + 75(Np — Ny)

* Note global multiplicity is
boost invariant for A =B
but local density is Not!
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Forward-Backward Rapidity Asymmetry

e Contour Plots of the @‘
local density R el
.-"f.r_hh-"“-._l f__,-— h“*-.ﬁ
b=EFm | II©L: I@II
\ [ l_ ;
III"'-___F f_r"J II"".._H__F_‘_f"lI
o Similar geometries
studied by X
Hirano/Nara
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Long Range Rapidity Twist

dN,, .  dN

9 / PP -9

dnd?’X,. dnd?*X;

_____ - P (,7’)(’0) —

, i For CGC Initial Conditions
- (T. Hirano, MG)

71P(7,%,0) = p(-1,%,0)

Saddle

X 30



Twisted sQGP Initial Conditions

FParticipant / Binary Density

Both jets quenched

One jet quenched L Cine jet gquenched
G T
e L
_:—_'-_'_'_ B -'II
el o
e —— — — —_-,_—————_—______
;:___--—__ _.____ﬂ-"_ ___,_,_--'_'_'_'_'_'_ = B
T — 1 n
A 1
\ E—
S ) ==
Y B | i

— Asymmetry apparent in Participant density (rotation around y-
axis)
— Binary collision density is symmetric for A+A
 Asymmetry can be probed via jet quenching
— Long range rapidity anti correlations can be recorded.
— * CGC has more complex twist pattern (in progress)

Gyulassy LBL 05.26.05
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Azimuthal asymmetric R

 Nuclear Modification

AN A /dnd?pr
Tan ((J{J PP ,/"l dnd?pr :J

Rag =

« (Calculated using Drees,

. b=3Fm b=6Fm b=9Fm
et al. absorption model — @
. | °° i 5o S5 B o
1 dN Bi . 0.8 . 0.8 W 0.8
Ran= — (20, Yo, b)e™ " Xdzodyo ;[ > T] ool =
‘ Ngin J dzxdy 075 - -1 o7 BTN s
0.6 0.6 0.6}~ 4
205 { 05 05| s ¥
— K~ 0.25 UAW 0.4 i Y
0af ~ TT] eafy, 7T 7 03
= - o -’ b — n=0(b=0)
0.2 0.2 o2~ n=0
ol
— =2
01 0.1 0.4 s :=_4
—_— =4
0 . 0 : 0
Q 5 0 5 0 &
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Polar Plot of R,,/R

min
Raa(d,n,b)
j.}r{f!{l, [t_.il)
b=6Fm b=6Fm
rh‘]":__-z N =2
Pear shape due to twisted sQGP initial conditions

* Measure using Octupole Twist ‘95’
 Long range anti-correlation over rapidity

Gyulassy LBL 05.26.05
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Octupole Twist Evolution

« Evolution with rapidity

and impact parameter 2
« At higher rapidity there is .
an increasing Octupole .
Twist CRE
EL 0.8
S | b=6Fm O
0.6 b=9Fm
0.4| /
0.2 / '
DD. 0.5 1 1.5 2 2.5 3 3.5 4
Rapidity (x)
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Twisted Harmonic Decomposition

(A.Adil, MG (05)) I L I
» Decompose Ry, into o /Y
fourier moments F o %
Raa(p,n,b) =a(n,b)(1 QZ vn (1, b) "-'-‘1'3'5('”»'55)}_&02 _002” i i
n=1 -0.04 1 —0.04 —
« Moments increase in  ~= 008l | o]
magnitude with PR e * Rt © > Cabet 7

Increasing asymmetry 1

e Higher moments
Increase In
significance with
larger b and n
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Part Il Conclusions

e Bjorken Scaling Violation is an intrinsic feature
of A-A and leads to twisted sQGP Initial

conditions
— Inherent but differ in detail in (BGK , HIJING, CGC)

— Leads to qualitatively novel jet quenching patterns
— Rotates Participant sQGP Density in n,x plane

— Induces Dynamic Twist Effect 85 in R ,($,n)
— Can measure via non-flow directed v1 and octupole!

V;(N,p7) Fourier moments in addition to usual v2,v4

Wil help to test details and sort out
— CGC vs Shadowing
— Cronin

Gyulassy LBL 05.26.05
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